H5N1 influenza viruses have spread extensively among wild birds and domestic poultry. Cross-species transmission of these viruses to humans has been documented in over 380 cases, with a mortality rate of Ϸ60%. There is great concern that a H5N1 virus would acquire the ability to spread efficiently between humans, thereby becoming a pandemic threat. An H5N1 influenza vaccine must, therefore, be an integral part of any pandemic preparedness plan. However, traditional methods of making influenza vaccines have yet to produce a candidate that could induce potently neutralizing antibodies against divergent strains of H5N1 influenza viruses. To address this need, we generated a consensus H5N1 hemagglutinin (HA) sequence based on data available in early 2006. This sequence was then optimized for protein expression before being inserted into a DNA plasmid (pCHA5). Immunizing mice with pCHA5, delivered intramuscularly via electroporation, elicited antibodies that neutralized a panel of virions that have been pseudotyped with the HA from various H5N1 viruses (clades 1, 2.1, 2.2, 2.3.2, and 2.3.4). Moreover, immunization with pCHA5 in mice conferred complete (clades 1 and 2.2) or significant (clade 2.1) protection from H5N1 virus challenges. We conclude that this vaccine, based on a consensus HA, could induce broad protection against divergent H5N1 influenza viruses and thus warrants further study.
T
he highly pathogenic H5N1 influenza viruses have caused outbreaks in poultry and wild birds since 2003 (1) . These viruses have infected not only avian species but also over 383 humans, of which 241 cases proved to be fatal (http://www.who. int/csr/disease/avianinf luenza/country/casestable20080528/ en/index.html). To date, the human cases have largely been infected by close contact with sick poultry, and the viruses isolated from them still show characteristics of avian influenza viruses (2) . Nonetheless, serious concerns have been raised about the possibility of an avian influenza virus evolving to become transmissible among people, resulting in a global influenza pandemic (3, 4) . In light of such a threat, new prophylactic and therapeutic strategies to combat human infections by H5N1 viruses are essential for influenza pandemic preparedness.
Over the past 60 years, vaccination has been the most effective method to protect the population against influenza infection (5) . Conventional influenza vaccines can be divided into inactivated vaccines and live attenuated influenza vaccines. Virus-based influenza vaccines need to be amplified in the allantoic cavity of specific-pathogen-free (SPF) embryonated hens' eggs, with or without inactivation followed by purification. Inactivated influenza vaccines are safe and well-tolerated. When injected into muscle, they can induce significant protective neutralizing antibodies, with a clinical efficacy of 60-90% in children and adults (6) . The live attenuated vaccine, on the other hand, is administered intranasally and can induce local neutralizing immunity and a cell-mediated immune response (7) . Although effective, current egg-based vaccine strategies require a long timeline and a large supply of SPF eggs that could be threatened during an influenza pandemic that also affects poultry. Several approaches have been investigated to improve the vaccine manufacturing capacity. For example, reverse genetics has been used to generate reassortant viruses comprised of hemagglutinin (HA) and neuraminidase (NA) from target viruses and internal proteins from strain A/Puerto Rico/8/34 (8) . Based on this technology, several groups, such as the Novartis Corporation and Baxter Biosciences, have developed cell-based strategies that use Vero or Madin-Darby Canine Kidney (MDCK) cells to amplify the viruses. Such cell-based production methods allow for faster and more flexible start-up of vaccine manufacturing (9, 10) . Influenza vaccines based on inactivated virions have been shown to confer protection against H5N1 infection in animals. For example, inactivated H5N2 vaccines adjuvanated with oil emulsion have been widely used in chickens to protect against H5N1 viruses (11) . A similar approach using H5N3 viruses, however, induced only limited protection in mice (12) . Some clinical trials have shown that vaccines based on inactivated H5N1 virions can elicit serum-neutralizing antibodies against the homologous virus, but with limited activity against divergent viruses (10, 13) .
In addition to virus-based vaccines, other approaches have been used to induce protective immunity against the key structural proteins of H5N1 viruses. Some of the promising approaches include recombinant protein vaccines (14) , adenovirusbased technologies (15, 16) , and DNA plasmids (17) . These strategies, especially plasmid DNA vaccines, allow for easier manipulation and faster production when compared with traditional influenza vaccines. DNA vaccines, however, have not been as immunogenic as the traditional vaccines and thus show insufficient protection against virus infection (18) . The main reason for this suboptimal immune response is inadequate gene delivery and gene expression when the DNA vaccine is given intramuscularly. Recent animal studies suggest that this obstacle could be overcome by the use of in vivo electroporation (EP), which results in higher transfection efficiency and protein expression (19) .
The influenza virus is comprised of 11 proteins, and the HA is no doubt the major target for protective immunity. Antibodies against this surface glycoprotein can provide protection by blocking virus attachment and entry (20) . Influenza viruses, however, are continuously evolving. The influenza proteins, including HA, can either change gradually through point mu-tations (antigenic drift) or change abruptly through reassortment with another divergent virus (antigenic shift) (21) . As a result, the immunity generated against one HA is only protective against another virus strain that shares an antigenically related HA (22). The influenza vaccines thus need to be annually updated owing to antigenic changes of circulating strains.
In this study, we test the hypothesis that a consensus HA (CHA5) based on available H5N1 sequences incorporated into a DNA vaccine (pCHA5) can induce cross-protection against divergent H5N1 influenza viruses. Our results show that pCHA5 delivered intramuscularly via in vivo EP induced both humoral and cell-mediated immune responses without the use of adjuvants. In addition, sera from mice immunized with pCHA5 displayed robust and broad neutralizing activity against a panel of viruses that have been pseudotyped with HAs from divergent H5N1 viruses. Virus challenge experiments confirm that pCHA5 can protect mice from mortality and morbidity caused by several significantly divergent strains of H5N1 viruses. Altogether, our findings suggest that the EP delivery of pCHA5 represents one vaccine approach against H5N1 viruses worthy of further investigation. Such a strategy may be applicable to vaccine development for seasonal influenza as well.
Results
Design of a Prototype HA-Based DNA Vaccine. The HA sequences of circulating H5N1 viruses fell into phylogenetic clades and subclades previously designated by the World Health Organization (WHO). We hypothesized that a consensus HA-based vaccine would confer cross-protection against various H5N1 strains. A consensus HA (CHA5) was deduced from 467 HA sequences of H5N1 influenza viruses available in the GenBank in early 2006. Fig. 1 shows the phylogenetic position of CHA5, situated between clades 1 and 2.
pCHA5 Conferred High-Level Expression of a Functional Protein. Our preliminary studies showed that the original (unmodified) nucleotide sequence of influenza HA does not express the protein well in 293T cells (data not shown). The causes of the nonexpression include poor mRNA export to the cytoplasm (23) and inefficient translation because of differences in codon usage (24) . Therefore, to improve HA expression in mammalian cells, the nucleotides of CHA5 were optimized with human codons (25) , and the percentage of G/C was subsequently increased from 42% to 58% to provide better mRNA stability, processing, and nucleocytoplasmic transport (23) . This HA gene was commercially synthesized and then inserted into the pVAX vector to create a consensus HA-based DNA vaccine (pCHA5). It was confirmed that pCHA5 expressed HA of the proper molecular weight in 293T cells [see supporting information (SI) Fig. S1 A] . The function of CHA5 was subsequently verified by its ability to mediate hemadsorption of chicken red blood cells (cRBC) when expressed on transfected cells (see SI Materials and Methods and Fig. S1B ). To assess the immunogenicity of pCHA5, female BALB/c mice were immunized with pCHA5 intramuscularly followed by EP at weeks 0 and 3. ELISA analysis of sera obtained 2 weeks after vaccination revealed a dose-dependent response in HA-specific antibodies ( Fig. 2A ). Two vaccinations with only 1.5 g of pCHA5 elicited detectable HA-specific antibodies, with the endpoint titer between 1:100 and 1:400. The endpoint antibody titer reached Ϸ1:10,000 when 15 g of pCHA5 was administered. One injection of 30 g of pCHA5 induced a specific antibody titer between 1:400 and 1:1,600, whereas two injections generated a titer Ͼ1:10,000 (Fig. 2B) .
In addition to humoral response, cell-mediated immunity was also evaluated by using the ELISpot assay to monitor the ability of splenocytes of immunized mice to secrete cytokines after in vitro restimulation with a peptide homologous to a known CD8ϩ T cell epitope. As shown in Fig. 2C , the splenocytes from pCHA5-immunized mice were restimulated by a HA-specific peptide but not by an irrelevant HIV-1-specific 9mer. The number of IFN-␥-secreting cells increased from Ͻ10 to Ϸ750 spot-forming cells per million cells by immunization with pCHA5.
Antisera to pCHA5 Demonstrated Broad Neutralization Activity
Against HA from Various H5N1 Viruses. As a first step in assessing the potential of pCHA5 for broad-spectrum heterologous protection, the cross-reactivity of immunized sera to HAs from various H5N1 strains was evaluated by using the hemagglutination inhibition (HI) assay, where cross-reactivity is defined as a fourfold higher result than that of naïve sera (Ϲ1:10) (22). Fig.  3A shows that the HI titers of the pCHA5 antiserum were 1:640 against NIBRG14 (clade 1) and NIBRG23 (clade 2.2) and perhaps slightly lower against RG5 (clade 2.3.4), but only 1:160 against RG2 (clade 2.1). To evaluate the cross-reactivity of the pCHA5 antiserum against additional HAs, we modified the traditional HI assay by using HA-expressing cells. The plasmids encoding HAs from a variety of H5N1 viruses were thus created by mutagenizing CHA5 at specific sites. Each individual plasmid was transfected into 293T cells, and the protein expression was confirmed by using immunoblot analysis (data not shown). After the cells were incubated with cRBCs in the presence of antiserum, it appeared that the pCHA5 antiserum caused a Ͼ50% reduction in hemadsorption to HA from clade 1 and clade 2.2 viruses (Fig. 3B ). For HA from clade 2.1 and clade 2.3 viruses, varying degrees of reduction was observed.
Development of an HA-Pseudotyped Virus Assay and Its Use in
Evaluating the Neutralizing Activity of Antisera. The neutralizing activity of the pCHA5 antiserum was further assessed, more quantitatively, by using a HIV pseudotype virus that carries a luciferase reporter gene and HA as its envelope protein. Viruses. The benchmark of an influenza vaccine is protection against a lethal virus challenge. Again, BALB/c mice were immunized with two doses of pCHA5 or a plasmid encoding the homologous HA. After resting for 2 weeks, the immunized mice were intranasally challenged with a genetically modified H5N1 virus: NIBRG14, RG2, NIBRG23, or RG5. Immediately after virus challenge, all mice experienced a decrease in body temperature and weight (Fig. 5) . The mice vaccinated with pCHA5 or the homologous HA gradually recovered after day 6 after a higher challenge dose (NIBRG14 and RG2) and after day 3 after lower challenge doses (NIBRG23 and RG5). The control mice vaccinated with the empty pVAX vector, however, continued to lose weight until they died. The only exception was the RG5 challenge, as the pathogenicity of this virus was too low to cause significant mortality in mice. Nonetheless, the data showed that pCHA5 did indeed protect mice from virus-induced morbidity, with complete protection observed against NIBRG14 and NI-BRG23 and partial protection observed against RG2 (Fig. 5) . The superiority of the DNA vaccine carrying the homologous HA was only seen in challenge experiments using RG2. 
Discussion
Our goal was to investigate whether a consensus-HA-based DNA vaccine, pCHA5, given by EP delivery, can provide protection in mice against lethal challenges of H5N1 influenza viruses. A major obstacle in vaccine development against viruses such as HIV-1 and influenza is the extent of genetic diversity. For example, a clade-1 whole-virus vaccine raised a significant neutralizing antibody response against the homologous strain, but much less so against heterologous strains (10) . One way to minimize the sequence diversity between a vaccine strain and circulating viruses is to create an artificial sequence to ''centralize'' the immunogenicity of the vaccine antigen (18, 26, 27) . One approach is to construct, computationally, a consensus sequence that resides toward the middle of the viral phylogenetic tree. Fig. 4 . Neutralization of the infectivity of HA-pseudotyped viruses by antisera obtained from mice after receiving two injections of pCHA5. The IC50 is defined as the reciprocal of the antiserum dilution at which virus entry is 50% inhibited (dashed line). Data were collected from three independent experiments and presented as mean Ϯ SEM. Another is to construct an ''ancestral'' sequence. Both approaches have been shown to elicit broader, more cross-reactive antibody responses than an antigen derived from a single strain (28) . Initially we generated an HA ancestral sequence, but it was obviously biased toward the H5N1 viruses in clade 1, which have not been predominant in recent years (data not shown). We therefore deliberately favored the consensus approach to centralize the HA sequence. The deduced consensus sequence (CHA5) is indeed more centrally located in the phylogenetic tree (Fig. 1) . We thus decided to use pCHA5 as our prototype HA DNA vaccine. A concern of using this consensus approach is that such an artificial sequence may not yield a structurally and functionally intact protein. However, this concern was alleviated when CHA5 was found to exhibit hemadsorption activity (see SI Materials and Methods and Fig. S1 ).
DNA vaccines have certain advantages over conventional influenza vaccines. Plasmid DNAs are readily amenable to modification once the circulating strain is identified. Large-scale production of DNA plasmids, albeit challenging, is definitely feasible. Although numerous studies have shown them to be promising, safe, and efficacious, DNA vaccines have not reached the market, and only a few are in clinical trials (29) . One of the main problems of DNA vaccines has been inefficient gene delivery and expression. It is believed that the level of gene expression in a vaccinated host correlates with the induced immune response, i.e., low-level antigen expression elicits a low immune response. Although expression can be greatly improved by gene design and optimization, delivery remains a bottleneck for DNA vaccine development. It has been shown that DNA vaccine delivered by a cationic lipid can elicit a robust immune response (30) . Another way to increase the cellular uptake of the DNA vaccine and thus to enhance antigen expression and immunogenicity is to administer a quick electrical field to muscle tissue where a DNA vaccine has been injected (31, 32) . Because EP can efficiently augment humoral and cellular immune response, another advantage of EP is its vaccine dose-sparing effect. In fact, in vivo EP has reached the stage of human trials with a good tolerability profile to date (19) .
It is generally thought that DNA vaccines can generate significant immune responses, but the responses are not as good as those elicited by virus-based vaccines or adjuvanted protein vaccines (29) . In our study, however, the nonadjuvanted pCHA5 vaccine delivered by EP elicited robust humoral and cellular immune responses. The potential for broad-spectrum protection was first evaluated by an HI assay as well as by a neutralization assay using HA-pseudotyped viruses. As has been reported (33) , results from such in vitro assays do correlate with in vivo protection against lethal virus challenges. Indeed, we observed that antisera to pCHA5 had broad activity in HI assays when tested against H5N1 viruses, although the activity against clades 2.1 and 2.3 was weaker or variable (Fig. 3) . Similarly, antisera to pCHA5 showed substantial virus neutralization against many divergent H5N1 pseudotype viruses, but again with lower activity against some viruses in clade 2.1 and 2.3 (Fig. 4) . This trend is reflected in the virus challenge experiments as well.
Our results show that immunization with pCHA5 protected mice from H5N1 viruses from clade 1 and clade 2.2 and to a lesser degree against the clade 2.1 and clade 2.3 viruses. Sequence analyses indicated that pCHA5 generally differs by only 3-5 amino acids from the HA of H5N1 viruses in clade 1 and clade 2.1, but by 16-18 amino acids from the HA of H5N1 viruses in clades 2.2 and 2.3. Nevertheless, the broad protection profile of pCHA5 demonstrated in our study compares quite favorably with the extent of protection observed for other H5N1 influenza vaccine candidates reported to date (18, 30, 34, 35) .
H5N1 clade 2.3 viruses have been detected more frequently in southeast Asia in recent years (36) . We know that fewer HA sequences from clade 2.3 viruses were available when CHA5 was designed in early 2006. We have since redesigned a new consensus sequence using all 1192 full-length sequences available by the end of 2007. As shown in Fig. 1 , this second-generation consensus HA (CHA5 II) is now closer to clade 2 compared with the original CHA5. We are currently evaluating the immunogenicity and protection profile of the new DNA vaccine, pCHA5 II.
We have found that a consensus HA-based DNA vaccine delivered by EP can elicit robust cross-protective immune responses. However, it is difficult to separate the contribution of the EP administration from that of the consensus sequence approach. Intramuscular injection of a DNA vaccine generally elicits antibody titers 10-fold lower than EP delivery of the same vaccine (19, 32, 37) . In our unpublished studies, we have noted that a nonconsensus H5N1 DNA vaccine induced less crossprotective neutralizing antibodies than pCHA5, suggesting that the consensus sequence is indeed contributing to the breadth of protection observed in this study.
Taken together, our strategy of employing the codonoptimized HA DNA vaccine and the EP delivery system has proven to be effective in eliciting significant protective immunity in mice against divergent strains of H5N1 viruses. Influenza viruses continuously undergo antigenic changes so that a consensus HA-based strategy is unlikely to provide a one-for-all solution that is universally desired. Nevertheless, DNA vaccines can be modified readily and rapidly to adjust to changes in the circulating viral populations. Others have reported that a DNA vaccine can protect ferrets and rhesus macaques from H5N1 virus challenge (30, 38) . We believe the vaccine strategy described herein warrants further evaluation as a potentially fast, affordable, and stable prophylactic approach to combating H5N1 influenza viruses. (39) . The most conserved amino acid at each position was chosen to create a consensus HA (CHA5). The codons of CHA5 were optimized for mammalian expression by using human codons, and the G/C percentage of the resultant sequence was increased to 58% from 42% (Entelechon). The optimized coding sequence was then synthesized (Blue Heron Biotech) and built into the pVAX expression vector (Invitrogen) to create pCHA5, a prototype HA-based DNA vaccine. By using pCHA5 as a template, HAs from various H5N1 viruses (Fig. 1) were constructed by sitedirected mutagenesis (Multi Site-Directed Mutagenesis Kit, Stratagene). To produce the coating antigen for determination of HA-specific antibodies, the polybasic cleavage site of CHA5 was changed to RER and amino acids 1-523 of CHA5 were fused to a human Fc (CHAedc-Fc). The sequence of CHAedc-Fc was built into the pVAX vector for expression in mammalian cells. Furthermore, the NA gene from influenza virus A/Vietnam/1194/2004 was also optimized, synthesized, and cloned into pVAX (pNA) for use in the production of HApseudotyped viruses.
Materials and Methods

Viruses
Phylogenetic Analysis of HA Genes. HA genes from WHO-recommended H5N1 vaccine strains and other representative H5N1 viruses were obtained from GenBank (NCBI). The HA genes were aligned as described, and the aligned sequences were used to generate a phylogenetic tree by using the default setting in the CustalW2 program provided by the European Molecular Biology Laboratory (http://www.ebi.ac.uk/Tools/clustalw2/index.html). The tree was presented by the Phylip method and explored by TreeView 1.6 (Rod Page, University of Glasgow, Glasgow, UK).
Vaccination. Five-to six-week-old female BALB/c mice were immunized with endotoxin-free pCHA5 or other HA constructs, prepared with GenElute HP Endotoxin-Free Plasmid Maxiprep Kit (Sigma-Aldrich). The immunization was performed at weeks 0 and 3 by an intramuscular administration of plasmids, followed immediately by the application of electrical stimulation (TriGrid Delivery System, Ichor Medical Systems) (19, 32) . The spacing of the TriGrid electrode array was 2.5 mm, and the electrical field was applied at an amplitude of 250 V/cm of electrode spacing for six pulses totaling 40 msec duration applied over a 400 msec interval (i.e., a 10% duty cycle). After immunization, the mice were housed in the SPF animal facility at the Institute of Cell Biology, Academia Sinica, Taiwan. Two weeks after the second immunization, the immunized mice were bled for HA-specific antibody analysis and for neutralization assay or challenged with lethal doses of the viruses to assess vaccine efficacy. All animal experiments were evaluated and approved by the Institutional Animal Care and Use Committee of Academia Sinica.
Virus Challenge Experiments. Two weeks after the second immunization, the immunized mice were anesthetized and intranasally challenged with a reassortant H5N1 virus (NIBRG14, RG2, NIBRG23, or RG5) in a final volume of 50 l. The challenge doses were 250 TCID50 (100 LD50) for NIBRG14, 2 ϫ 10 5 TCID50 (50 LD50) for RG2, 30,000 TCID50 (10 LD50) for NIBRG23, and 2 ϫ 10 6 TCID50 for RG5. After infection, the mice were observed daily for 14 days, and survival and clinical parameters such as body weight and temperature were recorded. The challenge experiments were performed under biosafety level-2-plus enhancement conditions. Statistical Analysis. The animal experiments to evaluate immune responses were repeated at least three times (n ϭ 3 per group), and the virus challenge studies were done at least twice (n ϭ 10 per group). The response of each mouse was counted as an individual data point for statistical analysis. Data obtained from animal studies and pseudotyped virus neutralization assays were examined by using one-way ANOVA from GraphPad; differences were considered significant at P Ͻ 0.05.
